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the chart below demonstrates.  Although the av erage sentence of 24 months is slight ly  below

the av erage of the past  two y ears, it  remains high compared to the ear ly  part  of the decade. 

This trend toward lengthier sentences was exemplified by  the longest prison sentence ev er

imposed for a single antitrust conv iction.  As Gibson Dunn reported in  our mid-y ear update,

Peter Baci was sentenced to 48 months in prison for agreeing to allocate customers, rig bids,

and fix prices and fees in the market for coastal water freight transportation serv ices between

the United States and Puerto Rico. 

Average Jail Sentence for All Antitrust  Defendants

Moreov er, we can expect more stiff jail sentences and large fines to come.  At the end of FY

2009, the Antitrust Div ision had 1 44  pending grand jury  inv est igations, the largest number

since 1 992 .[3]

Significant Ant itrust  Investigations in 2009

International Air Cargo Investigation

Sev eral additional guilty  pleas were entered and fines lev ied as a  result of the global

inv estigat ion into price-fixing in the air cargo industry .  In addition to more than $300

million in  fines in the United States, regulators in  Japan, Australia, and Canada hav e also

lev ied fines in the past y ear.  Guilty  pleas began in late 2007  and hav e continued through

2009. 

Companies pleading guilty  in the United States in FY 2009  (and their criminal fines) were:

LAN Cargo S.A. and Aerolinhas Brasileiras S.A. ($1 09 million jointly )

El Al Israel Air lines ($1 5.7  million)

Cargolux Airlines International S.A. ($1 1 9  million)

Nippon Cargo Airlines Co. Ltd. ($45 million)

Asiana Airlines Inc. ($50 million)

The combined $339 million in  new fines bring the total fines for the air  cargo inv estigation to

more than $1.6 billion,  the largest total for  a single criminal antitrust inv estigation in the

United States.  Fifteen airlines hav e now pled guilty  to criminal v iolations of United States

antitrust laws.

Additionally , Jan Lillieborg, a  foreign national and former Vice President of Global Sales for

SAS Cargo, was indicted in August in the United States District  Court for the District of New

Jersey  on charges of conspiracy  to restrain trade, conspiracy  to obstruct just ice, and

obstruction of justice arising out of the air cargo inv estigat ion.  Those charges remain

pending. 

In April, Franciscus Johannes de Jong, another foreign national and an employ ee of Martinair

Holland N.V., pled guilty  to v iolating Section 1  of the Sherman Act.  De Jong was sentenced to

8 months in jail, fined $20,000, and has agreed to cooperate with the Antitrust Div ision.  De

Jong is the fourth airline executiv e who has pled guilty  and been sentenced to jail time in the

United States as a result of the air cargo inv estigation.  And the Department of Justice has
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❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✼✻ ✴ ✶✶✹



❙✉♣❡$❥✉❡❣♦( ② ❝♦❧✉(✐-♥

❯♥❛ ♣♦%✐❜✐❧✐❞❛❞ ♣❛*❛ ♠❛♥,❡♥❡* ♣*❡❝✐♦% ♣♦* %♦❜*❡ ❇❡*,*❛♥❞ ✭♦ ❈♦✉*♥♦,✮ ❡% ❧❛

*❡♣❡,✐❝✐4♥ ❞❡❧ ❥✉❡❣♦✳

❊♥ ✉♥ ❥✉❡❣♦ *❡♣❡,✐❞♦ ❡①✐%,❡ ❧❛ ♣♦%✐❜✐❧✐❞❛❞ ❞❡ ❝❛%,✐❣❛* ❧❛% ❞❡%✈✐❛❝✐♦♥❡% ❞❡ ✉♥

❛❝✉❡*❞♦ ❝♦❧✉%✐✈♦✳

❉♦% ✜*♠❛%✱ ❜✐❡♥❡% %✉%,✐,✉,♦% ♣❡*❢❡❝,♦%✱ ❝♦%,♦% ♠❛*❣✐♥❛❧❡% c ✳

❋✐*♠❛% ❥✉❡❣❛♥ ❇❡*,*❛♥❞ ❝❛❞❛ ✉♥♦ ❞❡ ❧♦% T + ✶ ♣❡*A♦❞♦%✳

δ✿ ❉❡%❝✉❡♥,♦ ✉,✐❧✐❞❛❞❡% ❢✉,✉*❛% ✭♠✐❞❡ ✐♠♣❛❝✐❡♥❝✐❛✮✳

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✼✼ ✴ ✶✶✹



❊❧ ❝❛$♦ ✜♥✐)♦

❋✐"♠❛ ♠❛①✐♠✐③❛✿ ▼❛①

{pit}

T∑

t=✵

δtπi (pit , pjt)

)"❡❝✐♦- pit ❞❡♣❡♥❞❡♥ ❞❡ ❧❛ ❤✐-3♦"✐❛✿ Ht = ({p
✶✵

,p
✷✵

}, . . . ,{p
✶t−✶,p✷t−✶})✳

■♥❞❡♣❡♥❞✐❡♥3❡♠❡♥3❡ ❞❡ ❧❛ ❢♦"♠❛ ❡♥ 7✉❡ pit , i = ✶, ✷ ❞❡♣❡♥❞❡ ❞❡ Ht ✱ ❡♥ ❡❧

<❧3✐♠♦ ♣❡"=♦❞♦ ❧❛ ✜"♠❛ -❡ ❞❡-✈=❛✱ ②❛ 7✉❡ ♥♦ ❤❛② ♣"❡♠✐♦ ♥✐ ❝❛-3✐❣♦ ♣♦-✐❜❧❡✳

❉❛❞♦ 7✉❡ -❡ -❛❜❡ ❡-3♦✱ ❧♦ ♠✐-♠♦ ♦❝✉""❡ ❡❧ ♣❡"=♦❞♦ ❛♥3❡"✐♦"✱ ❡3❝✳

➼◆♦ ❤❛② ❝♦❧✉-✐F♥ ❝♦♥ T ✜♥✐3♦✦

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✼✽ ✴ ✶✶✹



❊❧ ❝❛$♦ ✐♥✜♥✐)♦✿ ❡$),❛)❡❣✐❛$ ❣❛)✐❧❧♦

❊!"#❛"❡❣✐❛! ❣❛"✐❧❧♦✿ ❊❧ ❥✉❣❛❞♦# ❝♦❧❛❜♦#❛ !✐❡♠♣#❡ 2✉❡ ❡❧ #✐✈❛❧ ♥♦ !❡ ❞❡!✈5❡✳

❙✐ ❧♦ ❤❛❝❡✱ ❝❛!"✐❣❛ ♣❛#❛ !✐❡♠♣#❡ ❝♦♥ ❇❡#"#❛♥❞ ✭❡! ❊<❙✮✳

❙✐ ❧❛! ✜#♠❛! ❛❝♦#❞❛#♦♥ ♣#❡❝✐♦! (p
✶

, p
✷

)✱ ❧❛ ❝♦♥❞✐❝✐?♥ ❞❡ ♥♦ ❞❡!✈5♦ ❡!✿

T∑

t≥l
δt−lπi (pi , pj ) =

πi (pi , pj )(✶− δT−l+✶)

✶− δ
≥ π∗ + ✵, l ≤ T ≤∞.

π∗ ≡▼❛①pi πi (pi , pj )

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✼✾ ✴ ✶✶✹



❈♦♥# ✳ ✳ ✳

❙✐ ❝♦♥ T =∞ ♣♦♥❡♥ ❡❧ ♣(❡❝✐♦ ❞❡ ♠♦♥♦♣♦❧✐♦ ② ,❡ (❡♣❛(.❡♥ ❧❛ ✉.✐❧✐❞❛❞✿

πi (pm
i
, pm

j
)

✶− δ
=

πm

✷(✶− δ)
≥ πm + ✵⇒ δ > ✶/✷

✳

❙✐ ❧❛, ✜(♠❛, ,♦♥ ,✉✜❝✐❡♥.❡♠❡♥.❡ ♣❛❝✐❡♥.❡,✱ ♣✉❡❞❡♥ ❝♦❧✉❞✐(,❡ ❛❧ ♣(❡❝✐♦ ❞❡

♠♦♥♦♣♦❧✐♦ ❡♥ ✉♥ ❥✉❡❣♦ ✐♥✜♥✐.♦✳

❊❧ ❡:✉✐❧✐❜(✐♦ ❡, ❊<❙✳

❊❥❡#❝✐❝✐♦

❉❡♠✉❡$%&❡ '✉❡ $✐❡♠♣&❡ ❡①✐$%❡ δ > ✵ %❛❧ '✉❡ %♦❞♦ (p
✶

, p
✷

) ❝♦♥ πi (p✶, p✷) > ✵ ❡$

✉♥ ❊2❙✳

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✽✵ ✴ ✶✶✹



❆♣❧✐❝❛❝✐♦♥❡) ■✿ ◆-♠❡/♦ ❞❡ ✜/♠❛)

❙✐ ❤❛② n ✜!♠❛$ ② $❡ ❞✐✈✐❞❡♥ ❧❛$ ✉-✐❧✐❞❛❞❡$✱ ❝❛❞❛ ✉♥❛ ♦❜-✐❡♥❡ πm/n✳

▲❛ ❡①♣!❡$✐6♥ ♣❛!❛ ♥♦ ❞❡$✈✐❛!$❡ ❞❡❧ ❡7✉✐❧✐❜!✐♦ ❡$✿

πm

n(✶− δ)
≥ πm ⇒ δ ≥ ✶− ✶/n.

❆ ♠❛②♦! ♥;♠❡!♦ ❞❡ ♣❛!✐-✐♣❛♥-❡$ $♦♥ ♠<$ ❞✐❢>❝✐❧❡$ ❧♦$ ❛❝✉❡!❞♦$ ❝♦❧✉$✐✈♦$✳

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✽✶ ✴ ✶✶✹



❚✐❡♠♣♦ ❞❡ '❡❛❝❝✐*♥

❉✐❢#❝✐❧ ♦❜(❡*✈❛* ❛❝❝✐♦♥❡( ❞❡ ♦/*❛( ✜*♠❛(✳

❉❡♠♦*❛ ✉♥ ♣❡*#♦❞♦ ❞❡/❡❝/❛* ❞❡(✈✐❛❝✐5♥✳

❉❡(✈✐❛*(❡ ❞❛ ❞♦( ♣❡*#♦❞♦( ❞❡ ✉/✐❧✐❞❛❞❡(✱ ❧❛ ❝♦♥❞✐❝✐5♥ 7✉❡❞❛✿

πm

✷(✶− δ)
≥ πm(✶+ δ)⇒ δ > ✶/

p
✷

❊( ♠<( ❞✐❢#❝✐❧ ♦*❣❛♥✐③❛* ✉♥ ❛❝✉❡*❞♦ ❝♦❧✉(✐✈♦ (✐ ❤❛② ♣*♦❜❧❡♠❛( ❞❡

♦❜(❡*✈❛❜✐❧✐❞❛❞✳

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✽✷ ✴ ✶✶✹



❇❛❥❛# ♣#❡❝✐♦) ❝✉❛♥❞♦ ❧❛ ❡❝♦♥♦♠/❛ ❛♥❞❛ ❜✐❡♥

❊❧ ❝❛$%❡❧ ❡' ❢$)❣✐❧ ❝✉❛♥❞♦ ❧❧❡❣❛ ✉♥❛ ♦$❞❡♥ ❣$❛♥❞❡✳

❊❧ ❝❛'%✐❣♦ ❡' ❡♥ ❡❧ ❢✉%✉$♦✱ ② '✐ ❧❛' ❝♦♥❞✐❝✐♦♥❡' ❡♠♣❡♦$❛♥✱ ❡❧ ❝❛'%✐❣♦ ❡' ♠❡♥♦$✳

❙❡ ♣✉❡❞❡♥ %❡♥❡$ ❞♦' ♣$❡❝✐♦'✿ ✉♥♦ ♣❛$❛ ❞❡♠❛♥❞❛ ❜❛❥❛ ② ♦%$♦ ✭♠❡♥♦$ ❛❧ ❞❡

♠♦♥♦♣♦❧✐♦✮ ♣❛$❛ ❞❡♠❛♥❞❛ ❛❧%❛✳

❙✉♣♦♥❡♠♦' ❞♦' ❡'%❛❞♦'✱ ❝♦♥ ♣$♦❜✳ ✶/✷✳

pm
s
❡' ❡❧ ♣$❡❝✐♦ ❞❡ ♠♦♥♦♣♦❧✐♦ ❡♥ ❡'%❛❞♦ s✱ ❝♦♥ πm

✶

< πm
✷

✳

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✽✸ ✴ ✶✶✹



❈♦♥# ✳ ✳ ✳

❊❧ ✈❛❧♦% ❡'♣❡%❛❞♦ ❞❡ ❝♦♦♣❡%❛% ❡'✿

V =
(πm

✶

+ πm
✷

)/✹

✶− δ

▲❛ ♣/%❞✐❞❛ ❢✉3✉%❛ ❞❡ ❞❡'✈✐❛%'❡ ❡' δV ✳

❉❡'✈✐❛%'❡ ❛✉♠❡♥3❛ ❧❛' ✉3✐❧✐❞❛❞❡' ❡♥ πm
s
/✷✳

❈♦♥❞✐❝✐:♥ ♣❛%❛ ♥♦ ❞❡'✈✐❛%'❡ ❡' πm
s
/✷ < δV ⇒

δ ≥ δ
✵

=
✷πm

✷

✸πm
✷

+ πm
✶

⇒ δ
✵

∈ (✶/✷, ✷/✸)

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✽✹ ✴ ✶✶✹



➽!✉❡❞❡ ❤❛❜❡( ❝♦❧✉,✐.♥ ,✐ δ ∈ [✶/✷, δ
✵

]❄

❙❡ ❞❡❜❡ ✉&❛( ✉♥ ♣(❡❝✐♦ ♠/& ❜❛❥♦ 1✉❡ ❡❧ ❞❡ ♠♦♥♦♣♦❧✐♦ ❡♥ ♣❡(3♦❞♦ ❞❡ ❛❧4❛

❞❡♠❛♥❞❛✿

▼❛①

[Π
✶

(p
✶

) + Π
✷

(p
✷

)] / [✹(✶− δ)]

s.t.Π
✶

(p
✶

)/✷ ≤ δ [Π
✶

(p
✶

) + Π
✷

(p
✷

)] / [✹(✶− δ)]

Π
✶

(p
✷

)/✷ ≤ δ [Π
✶

(p
✶

) + Π
✷

(p
✷

)] / [✹(✶− δ)]

❙❡ ❡❧✐❣❡ p
✶

= pm
✶

✱ ② p
✷

1✉❡ &❛4✐&❢❛❝❡ ❧❛ ?❧4✐♠❛ ❡❝✉❛❝✐@♥✱ ❞❛❞♦ p
✶

= pm
✶

✳

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✽✺ ✴ ✶✶✹



▼❡"❝❛❞♦' ♠)❧+✐♣❧❡'

❙✐ ❧♦$ ♦❧✐❣♦♣♦❧✐$'❛$ ♣❛)'✐❝✐♣❛♥ ❡♥ ✈❛)✐♦$ ♠❡)❝❛❞♦$✱ ♣✉❡❞❡♥ ❝❛$'✐❣❛) ♥♦ $2❧♦ ❡♥

❡❧ ♠❡)❝❛❞♦ ❡♥ 3✉❡ $❡ ♣)♦❞✉❝❡ ❧❛ ❞❡$✈✐❛❝✐2♥✱ $✐♥♦ ❡♥ ♦')♦$ ♠❡)❝❛❞♦$✳

❆❧ ❡❧❡✈❛) ❡❧ ❝♦$'♦ ❞❡ ❧❛$ ❞❡$✈✐❛❝✐♦♥❡$✱ $❡ ❢❛❝✐❧✐'❛ ❧❛ ❝♦❧✉$✐2♥ ❡♥ ♠❡)❝❛❞♦$ ❡♥

3✉❡ ❞❡ ♦')❛ ❢♦)♠❛ ♥♦ $❡)7❛ ♣♦$✐❜❧❡✳

❊$ ♣♦$✐❜❧❡ ❛❧❝❛♥③❛) ❛❝✉❡)❞♦$ ❝♦♥ δ < ✶/✷✳

❘✳ ❋✐$❝❤❡(✱ ❈❊❆ ❈✉($♦ ❞❡ ❊❝♦♥♦♠2❛ ■♥❞✉$5(✐❛❧ ❖❝5✉❜(❡ ✷✵✶✸ ✽✻ ✴ ✶✶✹



❊❥❡♠♣❧♦ ❞❡ ❝♦❧✉*✐,♥ ❝♦♥ ♠.❧/✐♣❧❡* ♠❡0❝❛❞♦*

❉♦" ✜$♠❛"✱ ❝❛❞❛ ✉♥❛ ♦♣❡$❛ ❡♥ ❞♦" ♠❡$❝❛❞♦"✳

❊❧ ♠❡$❝❛❞♦ ✷ ♦♣❡$❛ ♣❡$2♦❞♦ ♣♦$ ♠❡❞✐♦ ✭♦ "5❧♦ "❡ ♦❜"❡$✈❛ ♣❡$2♦❞♦ ♣♦$ ♠❡❞✐♦✮✳

❙✉♣♦♥❡♠♦" :✉❡ ✶/✷ < δ
✶

= δ ② :✉❡ δ
✷

= δ✷ < ✶/✷✳

❇❛❥♦ ❡❧ ❛❝✉❡$❞♦ ❝♦❧✉"✐✈♦✱ ❧❛" ✜$♠❛" "❡ ❝❛"?✐❣❛♥ ❡♥ ❛♠❜♦" ♠❡$❝❛❞♦"✳

A♦$ ❧♦ ?❛♥?♦✱ "✐ ✉♥ ❛❣❡♥?❡ "❡ ❞❡"✈2❛✱ ❧♦ ❤❛❝❡ ❡♥ ❛♠❜♦" ♠❡$❝❛❞♦"✳
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❈♦♥# ✳ ✳ ✳

▲❛ ❝♦♥❞✐❝✐'♥ ❞❡ ❝♦❧✉+✐'♥ ❡+✿

✷

πm

✷

≤
πm

✷

(δ+ δ✷ + δ✸ + . . .) +
πm

✷

(δ✷ + δ✹ + δ✻ + . . .)

⇒ ✹δ✷ + δ − ✷ ≥ ✵⇒ δ ≥ ✵,✺✾✸.

⇒ δ
✷

> δ
✷

< ✵,✸✻ ✳
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❡% ❝❛%-✐❣❛❞♦ ② ❧♦% ❞❡♠8% 9❡❝✐❜❡♥ ✉♥ ❝❛%-✐❣♦ ❡❧❡✈❛❞♦❄
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②♦✱ 9❡❝✐❜♦ ✉♥ %❤♦❝❦ ♥❡❣❛-✐✈♦ ✭♥♦ ❝❡9♦✮✳

❯♥ ❢♦9♠❛ ❞❡ ❡%-✉❞✐❛9❧♦ ❡% ❝♦♥%✐❞❡9❛♥❞♦ (✉❡ ❤❛② ✉♥❛ ♣9♦❜❛❜✐❧✐❞❛❞ ❞❡ ❞❡♥✉♥❝✐❛
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❊❧ ♣9♦❜❧❡♠❛ ❡% %✐✱ ❝♦♠♦ ❡♥ ❈❤✐❧❡✱ ❤❛② -❡♠❛% ♣❡♥❛❧❡% ♥♦ ❝♦♦9❞✐♥❛❞♦% (✉❡

❡❧✐♠✐♥❛♥ ❧❛ ♣9♦-❡❝❝✐0♥ ❛❧ ❞❡♥✉♥❝✐❛♥-❡✳
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➽❊①✐.5❡♥ ❝❛.5✐❣♦. ♠<. ❡✜❝✐❡♥5❡. ② ❡♥ 5✐❡♠♣♦ ✜♥✐5♦✱ +✉❡ ♣4♦♠❡5❛♥ ✉♥ ♣4❡♠✐♦
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❛❞ ✐♥✜♥✐%✉♠✳
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#❡ #♦#*✐❡♥❡✳

➼▲❛ '❡♥❡❣♦❝✐❛❝✐5♥ ❡❧✐♠✐♥❛'=❛ ❧♦# ❝❛'*❡❧❡#✦
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❘!❡♥❡❣♦❝✐❛❝✐)♥ ❝♦♥*✳ ✳ ✳

◆♦"❛❝✐&♥✿

pP ♣!❡❝✐♦ ❞❡ ❝❛()✐❣♦✱

πc
i
= πm/✷✱

T ✿ ♥/♠❡!♦ ❞❡ ♣❡!1♦❞♦( ❞❡❧ ❝❛()✐❣♦✳

➽❊+ ♣♦+✐❜❧❡ ❡+"❛❜❧❡❝❡0 ✉♥ +✐+"❡♠❛ ❞❡ ❝❛+"✐❣♦+ +✐ ❡+ ♣♦+✐❜❧❡ 0❡♥❡❣♦❝✐❛0❄
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❘❡♥❡❣♦❝✐❛❝✐(♥ ❝♦♥)✳ ✳ ✳

✶

 ❛"❛ ❡❧❧♦✱ ❡❧ ❝❛()✐❣♦ ❞❡❜❡ ❝♦♥✈❡♥✐"❧❡ ❛❧ 0✉❡ ♥♦ (❡ ❞❡(✈2❛✳

✷

 ♦" ❧♦ ♠❡♥♦( ❞❡❜❡"2❛ ♦❜)❡♥❡" ❧♦ ♠✐(♠♦ 0✉❡ "❡♥❡❣♦❝✐❛♥❞♦✱ ❡( ❞❡❝✐" πm/✷✳

✸

❊❧ 0✉❡ (❡ ❞❡(✈2❛ ♣♦❞"2❛ ♦❢"❡❝❡" ✉♥ ♣"❡❝✐♦ p > pP ❞✉"❛♥)❡ T ♣❡"2♦❞♦( ✭❡❧ 0✉❡

(❡ ❞❡(✈2❛ ♥♦ ✈❡♥❞❡ ♥❛❞❛✮✱ ② ❧✉❡❣♦ (❡ ✈✉❡❧✈❡ ❛❧ ❛❝✉❡"❞♦ ♦"✐❣✐♥❛❧✳

✹ T )❛❧ 0✉❡ ❧❛ ❡♠♣"❡(❛ 0✉❡ ♥♦ (❡ ❞❡(✈2❛ ♦❜)✐❡♥❡ ❛❧ ♠❡♥♦( πm/✷✳

❘✳ ❋✐(❝❤❡,✱ ❈❊❆ ❈✉,(♦ ❞❡ ❊❝♦♥♦♠6❛ ■♥❞✉(9,✐❛❧ ❖❝9✉❜,❡ ✷✵✶✸ ✾✸ ✴ ✶✶✹



❘❡♥❡❣♦❝✐❛❝✐(♥ ❝♦♥)✳ ✳ ✳

❙❡ ❞❡❜❡ ❡❧❡❣✐' T ❞❡ ♠❛♥❡'❛ +✉❡ ❧❛- ✜'♠❛- ♥♦ ❞❡-❡❡♥ ❞❡-✈✐❛'-❡ ❞❡❧ ❛❝✉❡'❞♦

✐♥✐❝✐❛❧✿

πm

(✶− δ)
≥ πm/✷+

δT+✶πm

✷(✶− δ)
⇔ δ(✷− δT ) ≥ ✶ ✭✶✮

$❛&❛ '✉❡ ❡❧ ❝❛,-✐❣♦ ❢✉♥❝✐♦♥❡✱ ❧❛ ❡♠♣&❡,❛ '✉❡ ,❡ ❞❡,✈8❛ ❞❡❜❡ ❡,-❛& ❞✐,♣✉❡,-❛ ❛

♣❛&-✐❝✐♣❛& ❡♥ ,✉ ❝❛,-✐❣♦ ✭② ♥♦ ,❡ ❞❡,✈8❡ ❧✉❡❣♦✮✿

δTπm

✷(✶− δ)
≥ πm/✷+

δT+✶πm

✷(✶− δ)
✭✷✮

❊❧ ♣&✐♠❡& -=&♠✐♥♦ ❡, ❧♦ '✉❡ ❡❧ '✉❡ ,❡ ❞❡,✈8❛ ♦❜-✐❡♥❡ ,✐ ,❡ ❝❛,-✐❣❛ ❛ ,✐ ♠✐,♠❛
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